Context. Most of our current understanding of the planet formation mechanism is based on the planet metallicity correlation derived mostly from solar-type stars harbouring gas-giant planets. Aims. To achieve a far more reaching grasp on the substellar formation process we aim to analyse in terms of their metallicity a diverse sample of stars (in terms of mass and spectral type) covering the whole range of possible outcomes of the planet formation process (from planetesimals to brown dwarfs and low-mass binaries). Methods. Our methodology is based on the use of high-precision stellar parameters derived by our own group in previous works from high-resolution spectra by using the iron ionisation and equilibrium conditions. All values are derived in an homogeneous way, except for the M dwarfs where a methodology based on the use of pseudo equivalent widths of spectral features was used. Results. Our results show that as the mass of the substellar companion increases the metallicity of the host star tendency is to lower values. The same trend is maintained when analysing stars with low-mass stellar companions and a tendency towards a wide range of host star's metallicity is found for systems with low mass planets. We also confirm that more massive planets tend to orbit around more massive stars. Conclusions. The core-accretion formation mechanism for planet formation achieves its maximum efficiency for planets with masses in the range 0.2 and 2 M Jup . Substellar objects with higher masses have higher probabilities of being formed as stars. Low-mass planets and planetesimals might be formed by core-accretion even around low-metallicity stars.
Introduction
Exoplanetary science has succeeded in discovering an astonishing diversity of planetary systems. The role of the host star's metallicity in planet formation has been largely discussed with the finding that the frequency of giant planets is a strong function of the stellar metallicity (Gonzalez 1997; Santos et al. 2004; Fischer & Valenti 2005) . The planet-metallicity correlation is usually interpreted in the framework of the core-accretion model (e.g. Pollack et al. 1996) as the final mass of cores via oligarchic growth increases with the solid density in proto-planetary discs (Kokubo & Ida 2002) .
Initially found for gas-giant planets around solar-type stars (Gonzalez 1997; Fischer & Valenti 2005) , many works have tried to probe whether the gas-giant planet metallicity correlation also holds for other kind of stars as well as other types of substellar objects, e.g. low-mass planets (Ghezzi et al. 2010b; Mayor et al. 2011; Sousa et al. 2011; Buchhave et al. 2012; Buchhave & Latham 2015) , brown dwarfs (Sahlmann et al. 2011; Ma & Ge 2014; Mata Sánchez et al. 2014; Maldonado & Villaver 2017) , stars with debris discs (Beichman et al. 2005; Chavero et al. 2006; Greaves et al. 2006; Bryden et al. 2009; Kóspál et al. 2009; Maldonado et al. 2012 Maldonado et al. , 2015b Gáspár et al. 2016) , evolved (subgiant and red giant) stars Schuler et al. 2005; Hekker & Meléndez 2007; Pasquini et al. 2007; Takeda et al. 2008; Ghezzi et al. 2010a; Maldonado et al. 2013; Mortier et al. 2013; Jofré et al. 2015; Reffert et al. 2015; Maldonado & Villaver 2016) , low-mass (M dwarf) stars (e.g. Neves et al. 2013) , or if there are differences in the host star metallicity when close-in and more distant planets are present in the system (Sozzetti 2004; Maldonado et al. 2018; Wilson et al. 2018) . It should be noted that most of these references refer to radial velocity planets.
As clear from the references above, previous works focus on particular types of stars and planets and, to the very best of our knowledge, a global view of the planet-metallicity correlation and its implications on the planet formation process are still missing. This is precisely the goal of this work in which we analyse in the most homogeneous possible way a large sample of stars harbouring the full range of possible outcomes of the planet formation process (from debris discs to massive brown dwarfs) and without any restriction of the host star's spectral type (from M dwarfs to early-F) or evolutionary status (from main-sequence to giants). The analysis is completed with literature data of lowmass binary stars in order to set the results into a general context. The paper is organised as follows. Section 2 describes the stellar sample. The completeness of the planet host subsample is analysed in Sect. 3. The analysis of the host star metallicities as a function of the substellar companion mass and the mass of the host star is performed in Sect. 4. The results are discussed in the context of current planet formation models in Sect. 5. A comparison with the results from the Kepler mission is performed in Sect. 6. Our conclusions follow in Sect. 7. 
Stellar sample
Our stellar sample is selected from our previous works (Maldonado et al. 2012 (Maldonado et al. , 2013 (Maldonado et al. , 2015a (Maldonado et al. ,b, 2018 Maldonado & Villaver 2016 which might be consulted for further details. Briefly, high-resolution échelle spectra of the stars were obtained in 2-3 metre class telescopes or obtained from public archives. Basic stellar parameters (T eff , log g, microturbulent velocity ξ t , and [Fe/H]) were determined by using the code TGVIT 1 ) which implements the iron ionisation, match of the curve of growth and iron equilibrium conditions. Stellar age, mass, and radius were computed from Hipparcos V magnitudes (ESA 1997) and parallaxes (van Leeuwen 2007), when available, using the code PARAM 2 (da Silva et al. 2006) , together with the PARSEC set of isochrones (Bressan et al. 2012) . For some planet hosts where the PARAM code failed to give a reasonable value we took the mass values from the NASA exoplanet archive (specifically from the summary of stellar information table, for all stars but KOI 415 for which we took the value from the KOI stellar properites table). For the M dwarfs a different methodology was used. The analysis is based on the use of ratios of pseudo equivalent widths of spectral features which are sensitive to the effective temperature and the stellar metallicity (Maldonado et al. 2015a) . Stellar masses and luminosities for M dwarfs were obtained from the derived temperatures and metallicities by using empirical calibrations.
The total number of stars in our sample amounts to 551. It is composed of 71 F-type stars, 261 G-type stars, 166 K-type stars, and 53 early-Ms. Regarding their evolutionary state, 373 are in the main-sequence, 63 are classified as subgiants, and 115 are giants.
The different architectures of the planetary systems harboured by our sample (type and number of substellar objects) are shown in Table 1 , while figure 1 shows the Hertzsprung-Russell (HR) diagram of the stars analysed. Our sample is mainly composed of "mature" planetary systems as only ∼ 7% of our stars have estimated ages younger than 500 Myr.
Sample completeness
A deep analysis of the completeness or detectability of our planet host sample is difficult to overcome as our targets are not selected from any particular exoplanet survey. Indeed, they were initially selected to address different individual aspects of the planet formation process (presence of discs, planet formation around evolved stars, brown-dwarf vs. planet formation, hot vs. cool planets ...). Our planet host sample includes targets from different radial velocity surveys, e.g., the HARPS search for southern extra-solar planets (Pepe et al. 2004) ; the Anglo-Australian planet search (Tinney et al. 2001) ; the N2K survey (Fischer 1 http://optik2.mtk.nao.ac.jp/~takeda/tgv/ 2 http://stev.oapd.inaf.it/cgi-bin/param (Hekker et al. 2006) ; the the PennState-Toruń Centre for Astronomy Planet Search (Niedzielski & Wolszczan 2008) ; the retired A stars project (Johnson et al. 2007) ; or the list of stars with brown dwarf companions by Ma & Ge (2014) and Wilson et al. (2016) ; among others. In other words, our planet host sample comes from a wide variety of planet search programmes with (most likely) different selection criteria, sensibilities, and biases, sampling significantly different regions of the HR diagram.
On the other hand, the comparison sample is mainly drawn from the Hipparcos catalogue (ESA 1997) and was chosen to cover similar stellar parameters as the stars with detected planets. For the sake of completeness, we give in Table A .1 the basic properties of the full sample of stars covered here. Further details can be found in our previous works (see references above).
In order to estimate the detectability limits of our planet hosts we proceeded as follows. For each star we searched for its corresponding radial velocity curve. Whenever possible, radial velocity data was taken from the NASA Exoplanet Archive 3 . Otherwise, we searched for the data in the corresponding discovery's paper. We were able to recover the radial velocity series for 89.6% of our stars with planets. We subtracted the contribution of the known planets to each radial velocity data set by fitting a keplerian orbit using the code rvlin 4 (Wright & Howard 2009 ). The fits were done by fixing the planetary period to the published values. When several planets were present around the same star, we subtract them in a sequential way. We took into account the fact that data obtained with different instruments might be available for the same star. Once the contribution for the known planets have been removed from the radial velocity datasets, we considered the rms of the residuals to be representative of our measurement uncertainty (e.g. Endl et al. 2001) .
For each planet host we computed the expected radial velocity semiamplitude due to the presence of different types of planets considering circular orbits, as usually done in the literature (see e.g. Mayor et al. 2011 , and references therein). We also note that it has been shown that even eccentricities as high as 0.5 do not have a strong influence in the planet detection's limits (Endl et al. 2002; Cumming & Dragomir 2010) . We sampled the planetary mass space in logarithmic space, with values ranging from 0.005 to 80 M Jup . Regarding the orbital periods, we sampled the orbital frequencies (also in logarithmic space) from periods from one to 10 4 days. For each planet we computed the expected radial velocities keeping the same time as the original observations. A total of eleven realizations of the radial velocity, each simulation corresponding to a different phase offset (from 0 to 2π), were performed. We considered a planet to be detectable around a given star if the rms of the planet's expected radial velocity is larger than the rms of the stellar radial velocity residuals in each of the simulated phases (Galland et al. 2005; Lagrange et al. 2012; Meunier et al. 2012) . We are aware that this is a "conservative" approach, i.e, it might overestimate the detection limits for some periods. It is however, a fast and robust method, ideal for achieving a quick look an for obtaining an efficient determination of the detection limits . It should be noted that for the scope of this work a conservative approach should be preferred in order to obtain robust conclusions. Figure 2 shows the derived detection probability curves. They show for each period, the percentage of stars from our sample for which planets with the corresponding minimum mass might be detected, i.e., planets located in the region above the p% curve can be detected in p% of our stars. Several main conclusions can be drawn from this plot: i) First, most of the long-period planets (P > 100 days) are detectable in approximately more than 60-80% of our targets. Only for planets with periods longer than ∼ 2000 days with a mass of the order of few Jupiter masses and lower, our detectability fraction decreases to ∼ 40% and below; ii) Low-mass planets, on the other hand, are detectable only in a small fraction of stars, between 2 and 20%; iii) Finally, it can be seen that planets with the mass of Jupiter and short periods are detectable in practically all stars.
As noted before our approach is quite conservative, so it is not surprising that some planets are actually located in the region under the 2% probability curve. We will discuss at length the implications of these findings in our analysis in the next sections. Figure 3 shows the detectability limits for different subsamples of interest, see Sect. 4. In addition to the conclusions from the previous figure it can be seen the detectability curves for surveys aiming to detect low-mass planets are clearly shifted towards lower planetary mass companions, as expected. On the other hand surveys of stars with brown dwarfs and specially surveys of giant stars show significant higher detection limits. Stars with cool and hot Jupiters show nearly identical detection curves. Finally, we can see that we are mostly insensitive to the presence of small planets (specially evident in the case of surveys around evolved stars) which demonstrates the need of dedicated intensive long-term surveys (and probably the development of specific techniques to deal with the stellar noise problem) in order to detect this kind of planets. Figure 4 compares the cumulative distribution function of the stellar metallicity of the different stars analysed in this work. The stars have been divided into stars hosting hot Jupiters (if planets are located at distances smaller than 0.1 au), stars hosting cool distant-gas-giant planets, giant stars with planets, stars harbouring low-mass brown dwarfs (m C sin i < 42.5 M Jup ), stars with high-mass brown dwarfs (m C sin i > 42.5 M Jup ), stars harbouring only low-mass planets (m C sin i < 30 M ⊕ ), and stars hosting only debris discs. The figure shows that while the metallicity distribution of stars with hot and cool gas-giant planets are shifted towards high metallicity values, this is not the case for the other samples, which show metallicity distributions consistent with that of the comparison sample (i.e., stars without substellar companions). Figure 5 shows the host star metallicity as a function of the (minimum) mass of the substellar companion. Colours and symbols indicate the mass of the host star. The figure clearly shows a tendency of lower host star's metallicities as the mass of the substellar companion increases. The figure also shows that more massive planets tend to orbit around more massive stars. It is clear from the figure that there is lack of planets around stars with metallicities lower than ∼ -0.4 dex. Stars with metallicities below this limit only harbour substellar companions in the brown dwarf regime. We note that this result reefers to our sample and several planetary companions around more metal poor stars have been found.
Analysis
Our results suggest that there is a non universal planet formation mechanism. Different mechanisms may operate altogether and their relative efficiency change with the mass of the substellar object that is formed. For substellar objects with masses in the range 30 M ⊕ -1 M Jup , high host star metallicities are found, suggesting that these planets are mainly formed by the coreaccretion mechanism. As we move towards more massive sub-A&A proofs: manuscript no. metal_planet_full stellar objects, the range of the host star metallicities increases towards more negative values, suggesting that a non-metallicity dependent formation mechanisms, such as gravitational instability or gravoturbulent fragmentation, might be at work.
In a recent work, Schlaufman (2018) computed the mass at which substellar companions no longer preferentially orbit metal-rich stars finding that while objects with masses below 10 M Jup orbit metal-rich stars, substellar companions with masses larger than 10 M Jup do not orbit metal-rich stars. We believe that our results are compatible with the findings by Schlaufman (2018) showing that the most massive substellar objects tend to form like stars. Figure 6 shows the orbital period of the substellar companions as a function of the (minimum) mass of the substellar companions. Different colours indicate the eccentricity. The figure shows that the more massive substellar companions show larger periods and eccentricities (P > 100 days, e > 0.05). On the other hand, less massive companions have shorter periods and a wider range of eccentricities.
Setting together the trends from figures 5 and 6 it seems that as we move towards more massive planetary companions: i) their host stars show a wider (towards negative values) range of metallicities and higher stellar masses; ii) planets (or brown dwarfs) show longer periods and higher eccentricities. The differences in period and eccentricity distributions between both types of planets might be indicative of a different formation mechanism. In addition, the trend with the host star metallicity suggests that the higher the mass of the substellar companion, the higher the probability that it is formed by a non-metallicity dependent formation mechanism. This general trend explain many of the correlations between the host star's metallicity and planetary properties discussed in recent works.
-More massive stars host more massive planets. It has been noticed that giant stars host more massive planets than their main-sequence counterparts (e.g. Johnson et al. 2007; Lovis & Mayor 2007; Maldonado et al. 2013) , although this result should be taken with caution as the detection of small planets around evolved stars is hampered by the large levels of stellar jitter in these stars (e.g. Niedzielski et al. 2016) . We note that in our sample, stars in the mass range 1.5-2 M host only planets with masses around 1 M Jup , while for stars more massive than 2 M planets are more massive than 2 M Jup . This trend might reflect a correlation between disc gas masses and giant planet masses (Alibert et al. 2011; Mordasini et al. 2012 ) as high-mass stars are likely to harbour more massive protoplanetary disk (e.g. Natta et al. 2000) . In this scenario giant planet formation can occur in low metallicity but high-mass protoplanetary discs as it is the amount of metals in the disc the factor that drives the planet formation process (e.g. Ghezzi et al. 2018) . The metallicity effect would depend on the mass of the disc, being the minimum metallicity required to for a massive planet lower for massive stars. Ghezzi et al. (2018) found that the relation between the amount of metals in the protoplanetary disc and the formation of giant planets does almost follow a linear relationship. The lack of a clear planet-metallicity correlation found for giant stars might be explained by the fact that they host more massive planets and these planets might find a way in their more massive planetary discs to bypass the core-acretion mechanism and form more like stars. Finally, we note a tendency of more massive giants stars with substellar companions to have higher metallicities in agreement with previous works (Maldonado et al. 2013; Jofré et al. 2015 ). -Trends in brown dwarfs hosts. Ma & Ge (2014); Mata Sánchez et al. (2014) showed that unlike gas-giant planet hosts, stars with brown dwarfs do not show metalenrichment. Maldonado & Villaver (2017) found that stars with low-mass brown dwarfs tend to show higher metallicities than stars hosting more massive brown dwarfs. Ma & Ge (2014) ; Maldonado & Villaver (2017) also discussed differences in the period-eccentricity distribution of massive and low-mass brown dwarfs. This result fits well with our interpretation that more massive substellar objects tend to form more like stars. -Close-in and more distant planets. Recent works (Sozzetti 2004; Maldonado et al. 2018; Wilson et al. 2018 ) have discussed whether hot Jupiters host stars show higher metallicities than more distant planets. As more distant planets are more massive than hot Jupiters (Ribas & Miralda-Escudé 2007; Bashi et al. 2017; Santos et al. 2017; Jenkins et al. 2017; Maldonado et al. 2018) , see also Figure 6 , they tend to orbit stars with a wider range of metallicities. -Planets around low-mass stars. Planets around low-mass stars (M < 1 M ) are mainly low-mass planets and their host stars do not show metal enrichment. They have short periods and low eccentricities. On the other hand, very few gas-giant planets have been found orbiting around low-mass stars, showing their host stars metal-enrichment (Neves et al. 2013) . We caution that these results refer to radial velocity planets. Results from transit surveys are discussed in Sect. 6.
We do not expect the general metallicity trends discussed in this work for massive planets and brown dwarfs to be severely affected by the different detection limits achieved for the different planet hosts. As discussed in Sect. 3 planets of the mass of Jupiter at short periods can be detected in more than 95% of our targets. More distant substellar companions (P > 100 days) might be detected in a significant large percentage of our stars, between 60 and 80%. The possible trend between massive planetary companions and large periods might however be affected by our lower sensitivity to detect small gaseous planets (with masses of the order of the mass of Jupiter) at very long periods (P > 2000 days).
On the other hand, the results regarding low-mass planets should be regarded with caution as with the radial velocity data at hand, these planets can only be detected at short periods and around a small fraction of our stars (2 to 20% according to our conservative simulations, see Figure 2 ).
The planet-metallicity correlation in context
In order to discuss our results into a broader context, data from low-mass binaries have been included in Figure 5 . The data is taken from Mann et al. (2013) who compiled the metallicity of the primary stars mainly from high-resolution spectra. The mass of the late-K, M companions as well as the primaries are estimated by using a spectral type -stellar mass relationship based on the data provided by Cox (2000) .
The figure shows that the tendency of a wider range of metallicities (lower values) towards more massive objects continues in the low-mass stellar range. Despite the fact we are comparing the minimum mass of substellar objects with estimates of the mass of stars, the trend that more massive substellar or stellar objects tend to form in a non-metallicity dependent mechanism seems to hold, i.e., there seems to be a continuity between substellar and stellar companions. According to this figure the coreaccretion mechanism for planet formation would have its highest efficiency for forming planets with masses around 1 Jupiter's mass (hot Jupiters).
It has been shown that the fraction of close binaries of solartype stars decreases with the metallicity while the wide binary fraction is basically constant with metallicity at large separations (e.g. Moe et al. 2018; El-Badry & Rix 2018) . Following the reasoning of Moe et al. (2018) massive and close substellar companions might form by fragmentation of the protostellar disc. Protostellar discs of solar-type stars are usually optically thick and lower metallicities imply lower opacities and enhanced cooling rates which translate in higher probabilities of disc fragmentation 5 . On the other hand, massive and distant companions might form by turbulent fragmentation of molecular cores, a process which is known to be independent of metallicity. Figure 5 also reveals a possible tendency of wider metallicities towards low-mass planets which may still be formed by core-accretion around low-metallicity stars. The low-metallicity environment implies long times for forming a core able to accret gas before the disc's dissipation, so only small planets and planetesimals can be formed (e.g. Mordasini et al. 2012) . However, the sample of M dwarfs planet hosts is still too small to make a strong claim in these sense. We also should note our limited sensitivity to low-mass planet's detection. Debris disc's masses do not help either as they are usually unavailable and subject to many assumptions.
Comparison with Kepler results
Given that our planet host sample is mainly selected from radial velocity surveys a comparison with the results from the Kepler mission is mandatory in order to achieve a full vision of planet formation.
In a recent work, Petigura et al. (2018) analyse a large sample of Kepler objects of interest with metallicities derived from spectroscopic observations finding that planets smaller than Neptunes (R P < 4 R ⊕ ) are found around stars with a wide range of metallicities. On the other hand, sub-Saturns and Jupiters are found around metal-rich stars (their Figure 3) . The authors also note a gradual upward trend in mean host star metallicity from smaller to larger planets in agreement with previous analysis of smaller samples (Buchhave et al. 2012 (Buchhave et al. , 2014 . These results support our findings that only stars hosting Jupiter-like planets show preferentially the metal-rich signature. As lower planetary radius implies lower planetary masses, although the relationship is complex and depend on the planet composition (e.g. Lopez & Fortney 2014), we conclude that the Kepler data supports our suggestion that a tendency of lower metallicities towards lowmass planets might be hidden in Fig. 5 as discussed in Sect. 5.
Similar results have been found by Narang et al. (2018) who show that the host star metallicity, increases with larger planetary radius/mass up to about 1 M Jup or 4 R ⊕ . For planetary masses larger than 4 M Jup the authors also found that more massive planets have on average lower host star metallicities in agreement with our findings. The authors also discuss that hot transiting planets (periods less than 10 days) orbit around stars with higher average metallicity in agreement with our previous results (Maldonado et al. 2018 ) and this work.
Studies of the Kepler occurrence rates (Mulders et al. 2015a,b) have confirmed that small planets (1.0 -3.0 R ⊕ ) are more common around M dwarfs than around main-sequence FGK stars (Howard et al. 2012) . At larger planetary radii planets become more common around sun-like stars. Despite begin different samples (1.0 -3.0 R ⊕ planets correspond to masses below ∼ 8 M ⊕ , i.e., planets smaller than Neptune), a similar tendency of a larger occurrence of small planets towards less massive stars is found in our results from Fig. 5 where it can be seen that the vast majority of the low-mass planets (m C sin i < 30M ⊕ ) orbit around stars with masses below 1 M .
Conclusions
Achieving a full vision of how planets and planetary systems form and evolve is only possible by analysing in a homogeneous way large samples of stars covering the full domain of parameters, i.e, including the different outcomes of the planet formation process (from planetesimals to massive brown dwarfs and low-mass stars) as well as the full range of host star's masses and types. In this work we performed a detailed analysis of the planet-metallicity correlation by analysing in a joined way the data from our previous works, focused on certain types of stars and/or planets. Most of the studied stars (excluding the M dwarf subsample) was analysed in the same way using similar spectra and techniques.
Our results show a continuity between the formation of substellar and stellar companions driven by the metallicity of the host star. The core-accretion formation mechanism would achieve its maximum efficiency for planets with masses between ∼ 0.2 and 2 M Jup . For more massive substellar objects as well in low-mass binary companions the range of host star's metallicities increases towards lower values, suggesting that both kind of objects tend to share similar formation mechanisms.
Another tendency towards lower host star's metallicities seems to be present towards the less massive outcomes of the planet formation process (low-mass planets and probably planetesimals) which may still be formed by the core-accretion method. However, this tendency might need additional confirmation. 
